Glutathione (GSH) content may be the major determinant of a cell's sensitivity to cytotoxic alkylating agents. In the present study, the GSH concentration was determined in lymphocytes isolated from the blood of normal subjects and patients with chronic lymphocytic leukemia (CLL). Comparable levels were found in both types of cells. Incubation for 20 hours led to a decrease in GSH to 51% of baseline values in CLL B cells. Under the same conditions, normal B-or T-lymphocyte GSH content remained constant. GSH depletion was shown to be a characteristic of the B-CLL B lymphocyte. It LUTATHIONE (GSH), the principal cellular nonpro-G tein sulfhydryl compound, has a variety of functions in bioreduction and detoxification processes.lJ Acting as a nucleophile, it protects macromolecules from free radicals or other electrophiles. As a reductant, it interacts with quinones such as the anthracyclines. In keeping with these functions, considerable evidence points to a role for GSH in determining cellular sensitivity to the anticancer drugs chlorambucil (CLB),3 melphalan? cyclophosphamide,5 cisplatinum, and adriamycinP Broader functions for this tripeptide have been reported in aging: the immune response,* prevention of radiation damage, and tumor cell lysis.9
G tein sulfhydryl compound, has a variety of functions in bioreduction and detoxification processes.lJ Acting as a nucleophile, it protects macromolecules from free radicals or other electrophiles. As a reductant, it interacts with quinones such as the anthracyclines. In keeping with these functions, considerable evidence points to a role for GSH in determining cellular sensitivity to the anticancer drugs chlorambucil (CLB),3 melphalan? cyclophosphamide,5 cisplatinum, and adriamycinP Broader functions for this tripeptide have been reported in aging: the immune response,* prevention of radiation damage, and tumor cell lysis. 9 Previous studies from this laboratory have shown that the circulating B lymphocyte differs from the normal T lymphocyte, as well as from the B lymphocyte, in chronic lymphocytic leukemia (CLL) in its defense mechanisms against oxidative damage. Some of the differences from T iymphocytes, such as a greater susceptibility to H202 toxicity, were manifested by the B lymphocytes from normal subjects or patients with CLL.l0 However, other characteristics, including an increased concentration of ascorbate," dehydroascorbate,12 and a diminished tocopherol content,13 appear limited to CLL B lymphocytes. Although the mechanism(s) responsible for these abnormalities is unknown, the possibility that CLL B lymphocytes might have low levels of GSH or be susceptible to a rapid depletion of GSH stores existed. In this report, we present data on the concentration, stability, export, and synthesis of GSH in blood lymphocytes from patients with CLL and normal subjects. We have
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 previously reported in abstract form14 that during in vitro incubation there is a marked decrease in the GSH content of CLL lymphocytes. This loss of GSH is now shown to be a characteristic of the CLL B lymphocyte. In view of the importance of CLB in the management of B-cell CLL, it seemed appropriate to determine the effect of this agent on GSH concentration. We found that CLB enhanced the GSH depletion in CLL B cells, more so than in normal lymphocytes or CLL T cells.15
MATERIALS AND METHODS

Lymphocyte isolation.
Heparinized blood was obtained after obtaining informed consent from 30 normal subjects, 36 patients with B-CLL, and 2 patients with T-CLL. All but 8 of the patients were untreated; none had received therapy in the month before study. Results with cells from treated and untreated patients were similar.
Blood was diluted with RPMI 1640 medium (GIBCO, Grand Island, NY) and mononuclear cells were isolated by FicollHypaque centrifugation followed by three washes with medium. Cells were counted and purity assessed with a Model ZBI Coulter Counter (Coulter, Hialeah, FL). The mononuclear cells were then resuspended in medium containing heat-treated 10% fetal calf serum (FCS; GIBCO) at a concentration of lo7 cellslml and were depleted of monocytes by adherence to Falcon plastic culture dishes (Becton Dickinson, Lincoln Park, NJ) at 37°C for 45 minutes.16 The nonadherent cells were gently decanted from the dishes and then washed twice with RPMI 1640. In general, fewer than 5% monocytes and only a very rare platelet were found in the final preparations. In some experiments, magnetic "immunobeads" (Dynal, Great Neck, NY) were used to further deplete the monocyte population.
B-and T-lymphocyte subpopulations were enriched as described previo~sly.'~ Cell subtype homogeneity was greater than 82% and greater than 89% for B and T lymphocytes, respectively. Cell viability, as determined by erythrosin B exclusion, was consistently greater than 90%.
Cell incubation. Lymphocytes were incubated in culture tubes at a concentration of 5 x lo6 cells/mL for 20 hours in RPMI 1640 medium containing 10% FCS and 1% penicillinlstreptomycin. At the end of incubation, cell viability was again determined by erythrosin B exclusion. Cells were then washed three times with RPMI 1640. GSH and glutathione disulfide (GSSG) were measured as described below. When used, CLB was added at the beginning of incubation. For the measurement of GSH export, the incubation medium contained 2 mmol1L L-serine12 mmol1L sodium borate to inhibit y-glutamyl transpeptidase.Is GSH content. Total GSH and GSSG concentrations were determined, as described by Griffith,19 using aliquots of 1 x lo7 cells. Lymphocytes were washed twice with saline and lysed with 1.0 mL 0.2% Triton X-100. An aliquot of lysate was used for protein determination.20 For the GSH measurement, 25% sulfosalicylic acid was added to make a final concentration in the lysate of 2.5%. Precipitated protein was removed by centrifugation at 5,OOOg for 5 minutes. The supernatant fluid was stored at -80°C for up to 5 days. Assay reagents were added in the following order: 140 pL of 100 mmol/L NaHP04/5 mmol/L NaEDTA buffer (pH 7.5), 25 p L of 6 mmol/L 5,5'-dithio-bis-/2-nitrobenzoic acid, 1 U of GSH reductase (type 111; Sigma, St Louis, MO), and 12.5 or 25 &lysate in a final volume of 250 pL. The blank contained 0.2% Triton/2.5% sulfosalicylic acid instead of lysate. The reaction was started by adding 50 JLL of 1.1 mmol/L NADPH and absorbance at 340 nm was monitored for 5 minutes. The amount of total GSH was determined from a standard curve that was linear from 2.5 to 100 "g.
GSSG content was determined as follows. For every 100 JLL of lysate, 2 pL of 2-vinylpyridine were added, followed by gentle agitation and the addition of 6 KL of triethanolamine. After mixing for 1 minute, the tube was sealed with parafilm and allowed to stand at room temperature for 1 hour, and the precipitate was removed by centrifugation at 5, OOOg for 5 minutes. Standards were prepared with GSSG, 2-vinylpyridine, and triethanolamine. The same methods were used to assay GSH and GSSG in the culture medium. FCS, L-serine, and sodium borate were included in the blanks.
Total GSH was measured after reduction of bound GSH with dithiothreitol ( D l T ) as follows.21 The experimental sample of (lo7 cells) was suspended in 0.05 mol/L, pH 8.5, Tris buffer containing 0.02 mol/L DTT and maintained with shaking for 30 minutes at room temperature. Acidification of the sample to pH 2 (with sulfosalicyclic acid) was followed by extraction of residual DTT with water-saturated ethylacetate. GSH in the aqueous layer was measured as described above.
Lymphocytes (2 x lo8 cells/mL) were lysed by standing on ice in 5 mmol/L phosphate buffer for 15 minutes. The lysate was centrifuged at 10,000g for 10 minutes and the supernatant used for assays.
The reaction mixture in a final volume of 0. For Lysate was added last. The reaction mixtures were incubated for 30 to 90 minutes at 37°C and stopped by the addition of 900 pL of 20 mmol/L acetic acid. The solution was applied to (0.7 x 7 cm) Dowex-1-acetate columns, which were then washed with 8 mL 20 mmol/L acetic acid. The substrate eluted within the first 5 mL. The labeled tripeptide product was eluted with 4 mL of 1.5 mol/L ammonium acetate and radioactivity in the eluate measured by liquid scintillation counting. Substrate and product elution volumes were verified by the addition of GSH standards.
Results were analyzed for their statistical significance using the unpaired Student's two-tailed t-test, except for the results in Fig 1, in which the paired t-test was applied. All data were expressed as mean ? standard error of the mean.
Statistical methods.
RESULTS
There was no significant difference in the total GSH content of lymphocytes from normal donors and patients with CLL (Table 1) . These results are in agreement with those reported in the literat~re.l~,*~ The finding that GSSG was about 10% of the total GSH in normal and CLL lymphocytes is probably an overestimate, due to GSH content. 5 10 50 100 CLB (pg/ml) oxidation during extraction.' Similar concentrations of GSH were also found in B or T cells from either source (Table 2 ). The lower GSH values shown in Table 2 were within the range found for the unseparated lymphocyte population shown in Table 1 .
The cellular GSH concentration reflects the interaction of numerous enzymatic and nonenzymatic reactions.' Because earlier studies from our laboratory10 had shown that B lymphocytes were more susceptible to H202 toxicity than T cells (and oxidant stress is known to deplete erythrocytes of GSHZS), we Eflect of incubation on GSH content. determined the effect of incubation on the GSH concentration in "unseparated" (T and B) lymphocytes. At the end of a 20-hour incubation period, the GSH content decreased to 42% of baseline in CLL lymphocytes compared with 77% of baseline for normal controls (Fig 1) . This significant difference was not due to cell death, because viability was greater than 90% in both. The percent GSSG was similar in normal and CLL lymphocytes at the end of incubation (data not shown). The intracellular and extracellular occurrence of protein mixed disulfides with low molecular weight thiols is well documented.26 We found that less than 5% of cellular glutathione was present as a disulfide derivative in lymphocytes either before or after incubation (data not shown). Thus, the diminished cellular GSH level cannot be explained by its conversion to protein-bound disulfides.
To test the possibility that increased export may cause the loss of GSH in CLL lymphocytes, the GSH content of the incubation medium was measured. After a 20-hour incubation, 12% of the total initial cellular GSH was recovered in the medium with either normal or CLL lymphocytes. Greater export, therefore, did not account for the lower GSH in the CLL lymphocytes.
To establish whether the loss of GSH merely reflected the altered subpopulation ratio of B and T cells in CLL or was a characteristic of the CLL B lymphocyte, GSH was assayed in enriched lymphocyte subpopulations. After incubation for 20 hours, the GSH in CLL B cells decreased to 51% of baseline, while the GSH concentration in normal B or T lymphocytes or in the T cells of patients with B-CLL was significantly greater (Fig 2) . The possibility was considered that contaminant monocytes could account for the persistence of GSH in normal B cells, because after incubation for 20 hours, monocytes double their GSH content (data not shown). While typical normal B-cell preparations had less than 3% monocytes, greater than 20% contamination would be required for the observed difference. Monocyte contamination of normal B-cell preparation, therefore, does not account for the maintenance of GSH content.
The specific activity of both y-glutamylcysteine synthetase and GSH synthetase was significantly greater in CLL B lymphocytes than in normal B lymphocytes (Table 3 ). In contrast, no difference in these activities was observed between normal and CLL T cells.
In a representative experiment (Fig 3) , the addition of CLB resulted in greater cytotoxicity to B-CLL than to normal lymphocytes. It also led to a steeper dose-related decrease in the GSH content in CLL lymphocytes. A more detailed analysis shows that incubation of B-CLL lymphocytes in the presence of increasing concentrations of CLB resulted in a dose-dependent lowering of GSH, which became significant at 10 pg/mL (Fig 4) . In contrast, CLB had a significantly lesser effect on lymphocytes from normal subjects in which even 50 pg/mL only reduced the GSH concentration by less than half. Increasing concentrations of CLB decreased viabilities in both CLL and normal lymphocytes (Table 4) . CLL lymphocytes, however, were more susceptible to CLB, with viabilities of 76% and 47% compared with 92% and 75% for normal lymphocytes at the indicated doses of CLB.
The CLL B lymphocyte appeared to be more sensitive to GSH depletion by CLB than the normal B cell (Fig 5) , although the difference was primarily due to the loss of GSH during the 20 hours of incubation. Intermediate sensitivity was noted in T cells from patients with B-CLL; B-cell contamination did not account for this finding. The GSH biosynthesis enzymes. 
EfSect of CLB.
T Cells B Cells
For personal use only. on October 25, 2017. by guest www.bloodjournal.org From GSH content of cells from two patients with T-CLL (CD4 or CD8) showed only a moderate decrease after incubation (Fig 6) . The GSH in cells from a patient with CD8 CLL was particularly stable. The viability of these lymphocytes after exposure to the high CLB concentrations of 25 and 50 pg/mL was comparable to that of lymphocytes from normal subjects.
DISCUSSION
Our data showed a marked decrease in the cellular GSH content of B lymphocytes from patients with B-CLL after 20 hours of incubation in vitro. This was not observed with the T cells from patients with this disorder or with either B or T cells from normal subjects. The decrease was not caused by the interaction between the nucleophilic sulfhydryl group with proteins or with other macromolecules to form mixed disulfides, because a similar low level of mixed disulfide formation was noted in CLL and normal lymphocytes. The activities of the GSH biosynthesis enzymes were higher in CLL B cells than in normal B cells. GSH export differences provided no explanation for the GSH loss in B-CLL lymphocytes. A decreased y-glutamyl transpeptidase activity in CLL B lymphocytes has been reported.27 Because this enzyme may be important for the conservation of GSH by reuse of the cysteine moiety, it is conceivable that the lack of GGT in CLL B lymphocytes may play a significant role in the observed GSH instability. CLB, which is rapidly taken up by CLL lymphocytes,28 is useful in the therapy of B-CLL and other B-cell disorders. In contrast, it is generally ineffective in T-cell neoplasms. We have presented evidence that CLB contributed to the depletion of GSH in B-CLL lymphocytes. The present studies do not elucidate the mechanisms for the GSH depletion of B-CLL lymphocytes upon in vitro incubation. The significance of the in vitro results is that they mirror clinical responses. Normal T cells were very resistant to the effect of CLB on viability and GSH stability. Cells from two patients with T-CLL were studied, with one patient's cells yielding identical results on four different occasions. Even a high concentration of CLB had little effect on cell viability. These studies show that the leukemic T lymphocytes share neither the sensitivity to CLB nor the GSH depletion of the CLL B cell. Clinically, T-CLL is generally unresponsive to CLB therapy.
In an earlier report, GSH levels did not differ in lymphocytes from patients resistant to CLB than from those in untreated patients with CLL. The effect of CLB on GSH stability was not in~estigated.~~ Recent studies have demonstrated CLB-DNA adducts in human lymphocytesz9 and a lack of crosslink formation in Chinese hamster ovary cells resistant to CLB.30 Similar observations had been made earlier with melphalan in CLL lymphocyte^^^ and with nitrogen mustard in Raji cells.31 Whatever the reason for the GSH instability in CLL, rapid depletion of sulfhydryl groups may facilitate the action of CLB, enhancing its efficacy in the management of this disease. There is also evidence that the sulfhydryl-rich protein metallothionein may be a determinant of CLB resistance in tissue culture lines,3z but no clinical data are available on this subject. Further studies are needed to more precisely delineate the interrelationship of CLB with GSH or metallothionein, adduct formation, and cell death.
